I. Introduction
Thennal barrier coatings (TBCs) are multilayered systems used in the hot section of gas turbines to protect the superalloy from degradation during thennal exposure. By applying coatings on critical components, the gas temperature can be increased in the turbine, th us decreasing the fuel consumption. Moreover, the coating can extend the life of gas turbine components, hence lowering the lifecyclecosL However, this potential is currently challenged by premature T BC-failurcs that are not completely understood.
The lack of understanding of TBC-failurcs can primarily be linked to the complex structure of a T BC in combination with evolving microstructure. A TBC consists of two primary layers that are deposited on the superalloy; a metallic bond-coat for oxidation protection and a ceramic top-coat for thcnna l protection, Fig. I . Active cooling of the superal10y sustains a thennal gradient over the top-coat. The bond-coat protects the superalloy from oxidizing by providing aluminum to fonn an alpha-aluminum (a-Al l O] ) scale between the bond-coat and top-coat, thus sacrificing itself. The oxide scale is frequently referred to as the thermally grown oxide (TGO). As the TGO is formed , the bond-coal is depleted of aluminum, resulting in evolution of microstructure and thenno-mechanical properties of the bond-coat. Most failures are associated with a separation of the ceramic top-coat from the multilayered structure. There are a rangeoffai lures that occur, for example various fonnsofthermal fatigue [I}, foreign object damage [2] , and thennal shock [3} . This study wi ll focus on one particular case ofthennal fatigue. Of particular interest will be the failure mode associated with morphological instabilities [4] . The observation of this failure mode is limited to platinum-modified alumi nidebond-coat Pt-(AINi). The current understanding of the deve lopment ofmorphological instabilities is based on exper- imental, numerical, and analytical [1, [4] [5] [6] [7] [8] [9] [10] . Several factors combined cause the morphological instabilities. These are:
(i) the intrinsic thermal mismatch between bond-coat and TGO, causing large compressive stresses in the TGO at ambient temperature; (ii) the initial imperfection in the bond-coat/interface surface, serving as nucleation sites for the instabilities [4] ; (iii) the lengthening growth strain in the TGO, causing increasing compressive stress during thermal exposure [1, 5, 11] ; 1 (iv) the crack-like imperfection in the top-coat, allowing the TGO to move away from the top-coat [8, 13] ; (v) the yielding and high temperature creep in the bondcoat, accommodating the TGO-deformation [1, 6] ; (vi) the high-temperature TGO creep, allowing the TGO to relax at higher temperatures [6] , and thermal cycling, "resetting" the stresses for each cycle [5] .
Morphological instabilities will not occur if one of these six conditions is absent. It is the balance between the growth strain, the thermal cycling and the inelastic response of bondcoat and TGO that governs the behavior. These interactions were described in [1] , to which the reader is referred to for a complete discussion.
A common challenge to the six conditions listed above is that these are valid for most TBC-systems, including those that do not exhibit morphological instabilities. We will show that the morphological instabilities are due to the relatively low bond-coat yield and creep strength at high temperature. Low threshold values for inelastic response at high temperature are characteristic for Pt-modified aluminide. We will also see that properties such as thermal mismatch between bond-coat and substrate and the martensitic transformation can enhance the rate of growth.
Some characteristics of Pt-modified aluminide bond-coats
Pt-modified aluminide bond-coats form a relatively pure and slow growing a-Al 2 O 3 , thus are more resistant to failure. In its initial state, the bond-coat consists primarily of 1-phase (NiAl). Recently, some critical mechanical properties measurements have been published, e.g., [14] [15] [16] [17] . These show that the bond-coat yield strength is temperature-dependent and that the yield strength at operating temperatures is remarkably low, Fig. 2A [14] . Furthermore, two dominant transformations are observed in Pt-modified diffusion aluminide: martensitic phase transformation (which occurs on a cyclic basis) and the growth of " ' -grains on the expense of 1-grains (which is monotonic, non-reversible).
The martensitic transformation is a cyclic and reversible transformation. It is a diffusionless shearlike phasetransformation associated with relatively large volume changes, which can introduce large strain in a system [9] , Fig. 2B . The martensitic transformation in Al-rich NiAl alloys was documented already in 1968 by Rosen and Goebel [18] , but has not until recently received attention with respect to Pt-modified aluminide bond-coats [14] [15] [16] . The martensitic transformation is thermally-induced, rather than stress-induced. The effect of cyclic martensitic phase transformation on the morphological instabilities was addressed in [9] . In particular it was seen that the martensitic phase transformation cannot by itself drive the instabilities, but that the rate of instability growth becomes sensitive to the thermal mismatch with the substrate. However, no insight in the cause of the sensitivity was offered. This will be addressed in the current paper.
The transformation of 1-to " ' -phase in Pt-aluminide near the TGO/bond-coat interface ( Fig. 1) is mainly due to the depletion of aluminum as the Al diffuses out to form the TGO at the bond-coat surface [19] , but also due to the Ni diffusion from the substrate to the bond-coat. The thermomechanical properties-such as thermal expansion and yield strength-are quite different for the two phases [20] . A preliminary numerical study of the influence the formation of " ' -phase on the morphological instability was conducted [10] . However, that study was limited in its scope and did not discuss the effect of the mismatch between bond-coat and substrate. We will extend this discussion in the current paper.
Model
We adopt the finite element model developed previously [5, 10] , Fig. 3 , utilizing the commercially available program ABAQUS [21] . For the current simulation we are using fournode generalized plane strain elements. The thermal expansion coefficient for bond-coat, substrate, TGO, and top-coat are denoted α bc , α sub , α TGO , and α tc , respectively.
Growth in the TGO is simulated by imposing stress-free strains in accordance with the user subroutine uexpan [21] . Fig. 3 . The finite element model. The TGO is initially 0.5 �m, the bond-coat is 50 �m, and the substrate is 2 mm. The top-coat is assumed to be 150 �m for the cases when it is modeled (not shown).
The in-plane strain is imposed uniformly through the TGOthickness, while the thickening component is applied at the elements closest to the bond-coat. This is consistent with experimental observations [4] . In a similar manner the martensitic phase transformation is imposed as a stress-free strain, assuming that the transformation is thermally-induced, independent of stress. The heat dissipation associated with martensitic transformation is ignored.
For the case when the grain structure is studied, e.g., the " ' -and 1-phases, the model is adopted from [10] and extended for the current set of simulations, as shown in Fig. 4 . To keep the simulations tractable, allowing only for the critical parameters to be investigated, we do not simulate the anisotropy of the various grains, nor do we consider crystal plasticity. Even though these simplifications may influence the local behavior, we believe that the overall behavior is not affected. Moreover, these simplifications can easily be eliminated in a future study, where the interaction of the anisotropy can be incorporated.
Simulations: results and discussion

Thermal mismatch between bond-coat and substrate
In this section, we will discuss how the thermal mismatch influences the development of stresses and strain in the TBC. We will consider two scenarios, excluding and including the ceramic top-coat. The latter corresponds to an intact system, while the former corresponds to a case where the top-coat either has spalled, or a significant interfacial crack has developed, eliminating the constraint from the top-coat.
Absent top-coat
When the top-coat is absent, we will monitor the system evolution through the development of morphological instabilities. In particular, the morphological instabilities are characterized by the amplitude change of an initial imperfection in the bond-coat. We will monitor the amplitude change with three variables (Fig. 2) : the downwards displacement in the center of the undulation, δ down , and the upwards displacement at the periphery of the undulation expressed in magnitude, δ up , and location, ξ. It was suggested in [8, 22] that the magnitude of δ up and ξ may influence the rate of crack growth in the top-coat, but we will see in the following that these are not good measurements to predict crack growth in the top-coat.
The TBC-system is initially assumed stress-free at its highest temperature. 2 When the system is cooled, two main sources contribute to the stresses in the bond-coat: (i) thermal mismatch between bond-coat and TGO, and (ii) thermal mismatch between bond-coat and substrate. The former case results in a local stress field adjacent to the TGO, which varies in sign and magnitude depending on the geometry of the imperfection. In the latter case, the bond-coat stresses are tensile if the thermal expansion of the bond-coat, α bc , is larger than that of the substrate, α sub , i.e., α bc − α sub > 0, and compressive if α bc − α sub < 0.
When the bond-coat and the substrate have the same thermal expansion (Fig. 5C ), stresses develop only around the imperfection and adjacent to the TGO. Thus, the plastic strain is confined to this area and most of the bond-coat remains elastic throughout the cycle. When there is a thermal mismatch between the bond-coat and substrate, the bond-coat undergoes overall yielding for yield strength typical of a 1-grain. The bond-coat will yield in tension if the thermal expansion of the bond-coat is larger than that of the substrate, α bc − α sub > 0 ( Fig. 5D and E) , and in compression if α bc − α sub < 0 ( Fig. 5A and B). The shape of the TGO after 24 cycles relates to the sign of the mismatch, in Fig. 6 . The imperfection and-for large enough thermal mismatch-its periphery move into the bond-coat for the case of tensile mismatch. For the cases of no mismatch and compressive mismatch, upward motion of the periphery and downward motion at the center of the imperfection are observed.
However, it is not only the sign of the mismatch that governs the behavior: the absolute values directly influence the shape change. This is quantified by δ down , δ up , and ξ, where the results are summarized in Fig. 7 . For the range of parameters studied, the location of the peak moves to the right in Fig. 6 (increasing values in Fig. 7D ). The upwards deformation increases with increasing thermal expansion of the substrate, where it increases most rapidly for α bc − α sub > 0. The deformation in the center of the undulation depends on the absolute value of the mismatch, increasing with increasing thermal expansion of bond-coat and substrate.
The total amplitude change, δ tot = δ up + δ down , is independent of the thermal expansion of the bond-coat but increases with increasing thermal expansion of the substrate, Fig. 7A . This can be explained by the following: the mismatch between the bond-coat and substrate causes an overall yielding of the bond-coat during cooling. Concurrently, high compressive stresses develop in the TGO, Fig. 8 . When the bond-coat is in overall yield, the TGO can relax its strain energy by pushing on the soft bond-coat, thus causing permanent deformation of the TGO-bond-coat interface. All together, when Y HT the bond-coat is in overall yielding, the mismatch between the substrate and the TGO governs the behavior. The TGO stresses are sensitive to the thermal expansion coefficients of the bond-coat, Fig. 8 . In general, the TGO stresses are compressive, caused by the growth strain and by the thermal mismatch. However, the system strives to release the strain energy due to the compressive stress by distorting the TGO. This results in a stress gradient that can involve both compressive and tensile stresses. The tensile stresses can become large enough to cause cracking of the TGO. The location of the tensile stresses will depend on the shape of the TGO [7] and the yield strength of bond-coat, Fig. 8 . Fig. 9 illustrates how the strain energy in the TGO changes for various parameters. For example, if the bond-coat high-temperature yield strength is increased, a significantly smaller shape change is obtained (see discussion below, Fig. 12 ) due to the limited region of plastic deformation. Thus, less energy will be dissipated in yielding and the TGO will store more strain energy. The strain energy increases with increasing bond-coat thermal expansion coefficient, since increasing α bc results in an increasing mismatch strain between bond-coat and TGO.
Additionally, the numerical investigations show the following. A decrease in the thermal expansion of the TGO-which corresponds to an increase in system mismatch-results in an increase in the amplitude change (Fig. 10) , so does a decrease in TGO growth stress (Fig. 11) . 3 Similarly, the amplitude change decreases when the high-( ) σ bc temperature bond-coat yield strength Y HT is increased (Fig. 12) . For large enough high-temperature bond-coat yield strengths, overall yielding does not occur. The bond-coat only yields at the vicinity of the TGO. For these cases, the total amplitude change is independent of α sub .
Including top-coat
The scenario described in the previous sub-section alters when the top-coat is included in the model (corresponding to an intact system, rather than a spalled system). In this case, the bond-coat deformation is suppressed due to the constraint from the top-coat. Even though the top-coat has a low elastic modulus compared to the other constituents (20 GPa and 110 GPa, for top-coat and bond-coat, respectively) it is stiff relative to the bond-coat due to its thickness and that it is linear-elastic throughout the loading cycle. The morphology change is therefore suppressed and becomes vanishing small. Hence, we will monitor the top-coat stress around the imperfection rather than the morphology change. For simplicity, the constitutive law for the ceramic top-coat is assumed to be independent of the state of stress. This is not a completely accurate description of the top-coat which due to its porous structure exhibits a more complex stress strain behavior which is explored by [23] . However, to keep the current set of calculations to a tractable scheme, we will use the linearelastic relationship. The full description developed in [23] can be adopted for future studies.
The top-coat stresses are primarily ruled by the mismatch between the top-coat and the substrate, and secondary determined by the thermal expansion of the bond-coat (Figs. 13-17) . After 24 cycles, the in-plane stress, σ 11 , is overall compressive at ambient (Fig. 13A) . At maximum temperature a region of tensile stress is present, which could result in lateral cracks in the top-coat (even though the stresses are moderate, the top-coat can only tolerate moderate tensile stresses due to its porous structure). The in-plane stresses at elevated temperature are indifferent with respect to thermal mismatch (Fig. 14) . The stresses at this temperature are a reflection of the growth strain in the TGO, and increases on a cyclic base (not shown). The out-of-plane stresses, σ 22 , correspond to the "crackopening" stresses for the cracks parallel to the TGO. Since these cracks are directly associated with the final spallation of the top-coat, the out-of-plate stresses are critical to the system performance. These are also the stresses that are considered suppressing the morphological instabilities. The out-of-plane stress is characterized by a tensile stress in the center of the imperfection and a compressive stress at the periphery of the imperfection (Fig. 15) . The region of maximum tensile stress is located in the vicinity of the inflection point of the imperfection. A propagating crack will be slowed down when it reaches this compressive region at the periphery, growing in pure mode II [22] . The crack-opening stress increases in magnitude (both tensile and compressive stresses becomes larger) when the yield strength of the bond-coat is increased, (Fig. 15C) .
For the range of properties considered, the crack opening top-coat stress show only a limited dependence of the thermal expansion of the substrate and of the bond-coat (Fig. 16) . The stresses depend mostly on the bond-coat yield strength (Fig. 15C ) and the growth stress (not shown). The location of the maximum stress changes and the difference between ambient and room temperature stresses becomes smaller with thermal cycling (Fig. 17) since the major contribution to σ 22 is due to the accumulation of inelastic strain in the bond-coat and the TGO, in combination of the curved surface. This evolution may contribute to driving or arresting a crack. The growth of the crack will be investigated in a later study. Preliminary work of crack growth may be found in [22, 24] .
That the stresses are independent of the sign of the bondcoat-substrate mismatch may seem counterintuitive from what was observed absent top-coat (e.g., Figs. 5 and 6 ). However, with the constraint from the top-coat and the relative softness of the bond-coat (due to yielding), the bond-coat will accommodate the thermal mismatch stresses during the heating-cooling sequence. The reverse yielding upon reheating is of the same magnitude as that of the forward yielding. Consequently, no resultant shape change occurs. Instead of accumulating the added system energy created by the TGO growth and thermal mismatch, the energy is transformed to elastic strain manifested as stresses in the top-coat and increased strain energy of the TGO (Fig. 9) . 
Presence of " ' -phase
The bond-coat microstructure is slowly transformed from being primary 1-grains to include both 1-and " ' -phase (NiAl and Ni 3 Al, respectively), Fig. 1 [19] , as the bond-coat is depleted of alumina. Some researchers have argued that the volume change associated with this phase transformation cause the imperfection growth. However, the volume change from 1-to " ' -phase is relatively small and experimental observation indicate that the imperfection are preferentially located in the 1-phase [19] . Moreover, preliminary numerical investigations indicate that the higher yield strength in the " ' -phase discourage imperfection growth [10] . The results discussed in this section pertain to the presence of the two phases as it relates to the thermal mismatch with the substrate. To simplify the simulations, no thermal expansion mismatch is imposed within the bond-coat, but only a yield strength difference, We will limit the parametric study to the case when α sub = 16 × 10 −6 • C −1 and α bc = 14 × 10 −6 • C −1 , resulting in compressive residual stresses in the bond-coat. Absent topcoat, we saw in Section 4.1.1 that this results in an upwards motion of the bond-coat (repeated in Fig. 18A for clarity) . If a layer of " ' -phase is present, (Fig. 18B-D) , this deformation is suppressed. The " ' -phase has sufficient yield strength to suppress overall yielding, restricting the morphological change. For the range of thicknesses studied, the thickness of the " ' -phase is immaterial.
The results when the top-coat is considered follows directly: compared to the bond-coat with primary 1-grains, Fig. 15A , the " ' -phase results in increase magnitude of the crack opening stresses, Fig. 15B. 
Martensitic phase transformations
In this last subsection we will discuss some results pertaining to the martensitic phase transformation that can occur in Pt-modified bond-coats. The transformation induces large cyclic but reversible strains. The system response may be sensitive for the temperature range of the transformation relative the bond-coat yield strength [9] . Typical bondcoat yield strength and thermal strain is displayed in Fig. 2 [14, 15] . In the simulations, the following values are used:
An axisymmetric FE-model is used, so to compare with the results obtained in [9] .
The effect of thermal mismatch between bond-coat and substrate when the bond-coat undergoes martensitic transformation was discussed, but not explained, in [9] . The result indicated that the stresses in the top-coat were highest when α bc − α sub < 0. This was not an expected result, since most thermal barrier systems have this type of mismatch. However, these results can now be explained based on the previous sections in the current paper (Figs. 19 and 20) . The mismatch calculation in [9] was achieved by changing the thermal expansion of the substrate rather than the bond-coat, with the rational that the bond-coat properties are known from the experimental observations. However, we note that the case α bc − α sub < 0 (Figs. 19C and 20C ) has the highest value for thermal expansion of the substrate. In the current paper, we have showed that the stresses and strain increase with increasing thermal expansion (e.g., Fig. 5) . Thus, the results in Figs. 19 and 20 , and corresponding results in [9] primarily are a consequence of the larger α sub . If we instead change the thermal expansion of the bond-coat to achieve the mismatch, the stresses and deformations become smaller for α bc − α sub < 0 (not shown, for brevity). This concurs with the results for the cases without the martensitic transformations, e.g., Fig. 16 .
The possibility of customizing the temperature range of the martensitic transformation in order to reduce the topcoat stresses and the morphology change in TBCs has often been raised. We investigate this in the following: by shifting the onset of martensitic transformation to higher and lower temperatures in the simulations, three scenarios are compared. The onset of transformation are assumed to occur at M s = 500 • C and A s = 600 • C; M s = 600 • C and A s = 700 • C; and M s = 700 • C and A s = 600 • C, respectively. The morphol- ogy change (Fig. 21) increases drastically when the transformation occurs at higher temperature. This is so, since the bond-coat yield strength is lower at higher temperature, thus allowing for higher accumulation of plastic strain and thus larger deformation. However, when the top-coat is present, the crack opening stresses in the top-coat (Fig. 22) is not significantly changed. For this case, the constraint from the top-coat results in forward and reverse yielding being of the same magnitude in the bond-coat during cycling. Again, the stresses in the top-coat are mostly determined by the mismatch between substrate and top-coat. Thus, in summary, the results indicate that the development of morphological instabilities can be controlled by customizing the temperature range for the martensitic transformation, while the top-coat stresses are not affected.
Concludingr emarks
Numerical simulations utilizing the finite element method are conducted to investigate the intrinsic mismatch in thermal barrier systems prone to displacement instabilities of the TGO. Simulations with and without intact top-coat were conducted. The latter case corresponds to situations where large enough cracks between the top-coat and the TGO have developed, allowing the TGO to exhibit displacement instabilities. The effect of the bond-coat microstructure is incorporated, where the irreversible formation of " ' -phase on the expense of 1-grains are modeled, as well as the cyclic martensitic transformation.
The results show that the thermal expansion coefficient of the superalloy rules the behavior of the structure. The thermal expansion of the bond-coat only has a significant impact when the top-coat is not present. Thus, the morphological instabilities can be suppressed or enhanced by this mismatch.
A key parameter in these simulations is the high temperature yield and/or creep strength of the bond-coat. This paper confirms that morphological instabilities are suppressed for high enough yield strengths in the bond-coat.
The simulations indicate that it potentially could be possible to reduce the rate of the instability growth by designing the bond-coat so that the martensitic transformation occurs at a particular temperature range. However, this may be unrealistic since the onset of martensitic transformation may change depending on the level of aluminum in the bond-coat. Thus, the temperature range for the phase transformation may change with time. In all, the intrinsic mismatch in TBCs, in combination with the non-linear time and temperature dependent material properties, result in a complex response of the system.
